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ABSTRACT

'-Stud welds were fabricated in standard and ultrahigh strength armor steels.
Bend, torque, tensile impact and ballistic impact tests were performed. Results
from arc welded fasteners and stud welded hollow fasteners are compared with those
from conventional stud welds. It was determired that the shock waves resulting
from direct ballistic impact will cause failure of small welded fasteners regard-
less of the welding process employed. Factors influencing ballistic performanc
and methods of minimizing secondary projectile action are also presented. -
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INTRODUCTION

Arc stud welding is widely used in industry, manufacturing, and construction. 1 ,2

It has been previously used on the exterior of armored vehicles but has not been
permitted anywhere within vehicle interiors due to the presumed high protability of
stud failure and decondary projectile action, presenting a considerable threat to
operating personnel.

The probability of stud failure is considered to have been high because of the
expected formation of hydrogen induced cracks, which provide initiatior. asit. for
rapid crack growth through a brittle layer of untempered martensite in the armor
heat affected zone (RAZ).

Typically, there are three conditions which must be simultaneously present to
initiate the formation of hydrogen induced cracks. These are: 1) a susceptible
microstructure, i.e., martensite; 2) a critical level of diffusable hydrogen, approx-
imately 10 ppm; and 3) a tensile stress, residual or applied. The rapid thermal
cycle inherent in the process and the high hardenability of armor steels would sug-
gest that the occurrence of cracks in stud welds is likely. Similar conditions,
however, exist during arc welding which is presently used in the installation of
appurtenances on armored vehicles.

The purpose of the work presented here is to evaluate methods of minimizing the
formation of hydrogen induced cracks, to improve NAZ resistance to brittle crack
propagation, to develop improved testing methods, and to develop application guide-
lines for stud welded fasteners. Potential armored vehicle applications for stud
welding include wiring, hydraulic, stowage, and armor installations.

EXPERIMENTAL

Stud welds were fabricated with a Nelson NS-30 stud welding unit and a Westing-
house type WSH constant current power supply. SAE steel fastener grade 5 and 304
stainless steel studs, with threads of 1/2-13 were used. Rolled homogeneous armor
(RHA), MIL-A-12560, and ausformed textured steel workpieces were welded. The hard-
nesses of the 1.125-inch-thick RHA and 2.0-inch-thick textured steel were 33 and 52
HRC, respectively. Chemical compositions of the materials used are shown in Table 1.

Table 1. CHEMICAL COMPOSITION OF WORKPIECE AND STUD MATERIALS

(Weight Percent)

C MA Ni Cr Mo SI P S Cu

MIL-A-12560 0.25 0.26 2.21 1.39 0.24 0.26 0.011 0.007 0.19
Textured Steel 0.40 0.58 5.43 0.11 0.46 1.24 0.006 0.005 0.97

304 Stainless Steel 0.08 2.0 8.0 18.0 - 1.0 0.040 0.030 -
Grade 5 Steel 0.19 0.88 0.03 0.07 0.01 0.21 0.010 0.019 -

1. Welding Handbook, Welding Processes - Arc and Glas Welding and Cutting, Brazing and Soldering, it. 2, 7th Ed., American Weldingr Society, Miami, Florida, 1978, p. 261194.

2. Metals Handbook, Welding, Brazing, and Soldering, v. 6. 9th Ed., American Society for Metals, Metals Park, Ohio, 1983, p. 729-738.
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The initial series of weld schedules tested were selected based upon a Plackett-
Burman experimental design 3 which is capable of statistically evaluating the signifi-
cance of 6 process variables. The 6 independent variables, each with 2 values, were
screened in a series of 12 trials ae shown in Table 2. Independent variables and
their assigned values are listed in Table 3. Weld time remained constant at 0.5
second for all welds. Current values were within 25 percent of manufacturer's recom-
mendations. Preheat and postheat temperatures were limited to 325 0 F due to practical
application restrictions and the fact that the tempering temperature of the textured
steel was 350 0 F. Base plate surfaces were either as-received mill finish or ground
and cleaned with acetone. Welds made on ground surfaces were additionally shielded
by an argon filled shroud.

Table 2. TWELVE-RUN PLACKETT-
BURMAN DESIGN

Variable
Trial 1 2 3 4 5 6

1 * * - , , ,

2 + + + * -

3 - . . . - -

4 + + . - -

5 + 4 -+
6 - - - . -

7 --- .

8 - + - + +
9 + - + + -

10 + - + + 4

11 + + - . *
12 - - -

Table 3. VALUES OF FACTORS USED IN PLACKETT-BURMAN SCREENING DESIGN

(+) (-)
Stud Material Grade 5 Steel 304 Stainless Steel

Workpiece RHA Textured Steel
Current 1000 A 825 A
Surface Preparation' Ground/Ar Shield None
Preheat 325OF - 1.5 hr None

Postheat 325OF - 1.5 hr None

Screening experiment welds were first inspected by liquid penetrant ane then
subjected to bend and torque tests and a microhardness survey. Bend tests were per-
formed in accordance with the Structural Welding Code, AWS D1.1. Torque testing was
performed on an MTS servo-hydraulic torsion machine at a rate of 100 degrees rota-
tion per minute.

3. PLACKET'f, R. L, and BURMAN, 1. P. The Design of Optimum Multifactoral Experiments. Biometrika, v. 33,1946, p. 305.
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Based on the results of the screening experiments, an optimum set of process
parameters were selected and additional welds were fabricated for tensile impact 4nd
ballistic testing. The tensile impact tests were performed on a 2200 ft-lb Charpy
impact machine. The threaded end of studs was screwed into the back side of the
pendulum, Figure I. The base plete was stopped by an anvil as the specimen was
dropped.

-Ballistic tests were performed on RHA plates welded with studs spzced a mimimum
of six inches apart, Figure 2. Plates were impacted or Lhe side opposite to the
stud welds within 0.5 inch of the stud position. A 20-mm proof projectile, at 00

-, . obliquity was used. The velocity of 2950 +/- 25 fps was selected because it resulted
in minor bulging only on the back side of monolithic unwelded plates. Welds were
tested at room temperature and -40°F in a preloaded and unloaded condition. Pre-
loaded studs were loaded with 20. lbf.

In an attempt to interrupt fracture paths, 5/16" and 1/4" holes were drilled
into the ends of a few stainless steel studs. These studs were also stud arc welded
and ballistically impacted. For comparison, stainless steel studs were also gas
tungsten arc welded (GTAW) to an RHA plate with an ER 304 filler alloy.

RESULTS

All weld schedules tested produced welds of uniform geometry as shown in Fig-
ure 3. Visual and liquid penetrant inspection failed to reveal weld defects includ-
ing hot cracks and hydrogen induced cracks. All welds met bend test requirements.
Quantifying bend test results were, however, difficult due to the nature of the test.

Welds were sectioned for metallographic and microhardness evaluations, and no
cracks were found. A typical cross section of a weld is shown in Figure 4. Micro-
hardness traverses through typical welds in RHA and textured steel are show in Fig-
"ures'5 and 6. Although no significant increase in hardness was observed in the HAZ
of the textured steel, a dramatic increase in hardness, up to 46 HRC, was observed
in the !AZ of the RHA.

A summary of the statistical effect and the minimum significant effect for the
maximum torque response of the screening experiment is shown in Table 4. If the
absolute value of an effect is greater than the minimum significant effect, then the
factor is considered to be significant. Responses with less than the minimum signi-
ficance either depend only weakly on the dependent variable or are within the experi-
mental scatter. The magnitude and algebraic sign of the effects are important since
they determine the confidence level. From Table 4 it can be seen that torque
strengths increase with decreasing current and with ferritic (as opposed to austen-
itic) stud materials. Lower current levels translate to lower heat inputs and,
therefore, smaller HAZ sizes. The grade 5 studs failed in the weld at an average
maximum torque of 225 ft-lb. The austenitic stainless steel studs failed in the
thread area at an average maximum torque of 173 ft-lb.

Table 4. STATISTICAL EFFECT AND MINIMUM SIGNIFICANT EFFECT
FOR EACH INDEPENDENT VARIABLE

Stud Surface Minimum Significant
Material Workpiece Current Preparation Preheat Postheat Factor Effect*

668 108.3 -296.7 -69 97.3 -96.7 254.9
*95% Confidence Level
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The tensile impact values of grade 5 studs welded to the textured steel were
low, approximately 136 ft-lb. Tensile impact results for 304 stainless steel studs
welded to both RHA and textured steel, with and without preheat, are sumarized in
Table 5.

Table 5. TENSILE IMPACT VALUES (ft-lb) FOR 304 STAINLESS STEEL STUDS

WELDED TO RHA AND TEXTURED STEELS AT VARIOUS PREHEAT T&W4'ERATURES

Preheat Temperature (OF) RHA Textured

70 261 215
225 238 227
325 261 249
450 284 284

The 304 stainless steel studs, with and without preload, tested at room tempera-
ture and -4 0 °F, all failed under ballistic impact. Studs adjacent to the point of
impact did not fail. Grade 5 studs behaved similarly to the stainless steel studs,
except, that in one instance at -40 0 F, an adjacent preloaded stud failed. However,
unloaded studs impacted 1.5 inches from the stud position did not fail at -400F.

Preloaded studs typically failed in the weld toe on the stud side, Figure 7.
All others either completely failed through the HOZ in the armor as in Figure 8, or
initiated failure in this region, as in Figure 9. Failed studs were recovered up
to 20 feet from the point of impact.

The GTAW studs, Figure 10, and the stud arc-welded hollow/drilled out studs,
Figure 11, all failed through the HAZ of the armor when tested at room temperature
without preload.

DISCUSSION

Standard tests, i.e., bend and torque, for stud welding process qualification
do not provide the necessary data for high strength steel armor applications. This
is mainly due to the low strain rates employed and the fact that stresses are con-
centrated in the stud and not in the HAZ of the armor. The results presented here
do, however, confirm that lower HAZ hardness and smaller MAZ size improve tensile
impact and torque strength properties, respectively. The most significant result of
the parametric study performed was that no hydrogen induced cracks were discovered.
This was especially surprising for the textured steel welds since it is normally
extremely difficult to successfully weld this material without high preheat tempera-

tures, low.hydrogen conditions, and/or austenitic filler alloys.

Since hydrogen induced cracking is not expected to be a major concern, except
under severe conditions, the critical factor limiting stud weld integrity must,
therefore, be the high hardness and associated low ductiiity of the HAZ.

HAZ hardness can only be limited by selecting a material with a lower harden-
ability or by preheating and/or postheating. All armor steels, however, have suffi-
ciently high hardenability such that the presence of martensite in the HAZ of stud
welds is virtually guaranteed. Postweld tempering, most likely by induction or Joule
heating methods, would lower maximum HAZ hardnesses. However, the procass is expen-
sive and difficult to control.

.,



The remaining alternative, therefore, is to interrupt the shape and formi of a
high hardness HAZ, with tougher unaffected base material, by either conventically
arc welding studs only around their periphery or by arc stud welding hollow e ded
studs. The use of hollow ended studs still provides the same high process ef i-
ciencies as standard stud arc welding bat does not result in a continuous HAZ.
Larger stud cross-sectional areas would, however, be required-for matching fa tener
strengths.

Even though tne hollow ended studs tested here failed in ballistic impac:,
most likely due to limited stud diameter, the GTAW studs failed in a similar amnne-..
-Therefore, the possibility of secondary projectile action not only exists with stud
welded attachments, but also with arc welded attachments.

Recognizing that any welded fastener to armor steel can fail under direci bal-
listic impact, fasteners and their locations should be designed such that thelfail-
ure of any individual weld will not result in arty injury to operating personn l.
Fastener loading, spacing, and probability of impact must all be considered.

The use of spall liners incorporating pockIts for flanged studs is one p,)ssible
alternative which would minimize the threat of secondary projectile action. More
work, however, is required.

CONCLUSIONS

Stud welds in ultrahigh strength armor steels can be fabricated without hydrogen-
induced cracks.

Standard mechanical tests for stud weld process qualification should be comple-
mented by tensile impact and ballistic impact tests for stud weld applications in
the interior of armored vehicles.

Shock waves from direct ballistic impact will result in the failure of stud
welds. Weld failure can be attributed to the formation of martensite in the heat-
affected zone and the concentration of stress at the toe of welds.

Interruption of the brittle martensitic later in heat affected zoned, through
the use of hollow ended fasteners, did not improve ballistic performance.

Arc welded fasteners similarly failed under ballistic impact.

factors including ambient temperature, loading, and stud design and location.

The use of flanged studs in applications incorporating spall liners is proposed.
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Figure 1. Setup for tensile Impact testing.

* Figure 2. Typical stud welded plate used in ballistic testing.
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Figure 3. Photograph of a typical stud weld

Figure 4. Typical cross section of a stud weld.
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tFigure 7. Failure of a ballIstically Impacted stud weld Figure 8. Failure of a ballistically Impacted stud weld
through the weld toe on the stud side of the joint. through the hoea affected zone of the armor.
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Figure 9. Failure of a ballistically impacted stud which initiated in the heat
affected Zone Of the armor and propagated through the weld metal.
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Figure 10. Fracture surface of a galowstudgte arm welded stude.

I1



SDISTRIBUTION LIST
N N\ No. of

Copies To

1 Office of the Under Secretary of Defense for Resezrch and Engineering,
"The Pentagon, Washington, DC 20301

Commander, U.S. Amy Laboratory Command, 2800 Powder Hill Road, Adelphi, NO
20783-1145

I ATTN: SLCIS-IM-TL

Commander, Defense Technical Information Center, Cameron Station, Building 5,
5010 Duke Street, Alexandria, VA 22304.6145

2 ATTN: DTIC-FDAC

Metals and Ceramics Information Center, Battelle Columbus Laboratories,
505 King Avenue, Columbus, OH 43201

1 ATTN: Mr. Robert J. Fiorentino, Program Manager

1 Defense Advanced Research Projects Agency, Defense Sciences Office/MSD,
1400 Wilson Boulevard, Arlington, VA 22209

Headquarters, Department of the Army, Washington, DC 20314
1 ATTN: DAEN-ROM, Mr. J. J. Healy

Commander, U.S. Air Force Wright Aeronautical Laboratories, Wright-Patterson
Air Force Base, OH 45433

1 ATTN: AFWAL/NLC
1 AFWAL/MLLP, D. M. Forney, Jr.
1 AFWAL/MLBC, Mr. Stanley Schulman
1 AFWAL/MLLS, Dr. Terence M. F. Ronald
1 AFWAL/FIBEC, Dr. Steve Johnsovi

1 Edward J. Morrissey, AFWAL/MLTE, Wright-Patterson Air Force Base, OH 45433

Commander, Army Research Office, P.O. Box 12211, Research Triangle Park,
NC 27709-2211

1 ATTN: Information Processing Office
1 Dr. George Mayer

Commander, U.S. Army Materiel Command, 5001 Eisenhower Avenue, Alexandria,
VA 22333

1 ATTN: AMCLD

Commander, U.S. Army Armament, Munitions and Chemical Command,
Dover, NJ 07801
ATTN: Mr. Harry E. Pebly, Jr., PLASTEC, Director

Commander, U.S. Army Aviation Systems Command, 4300 Goodfellow Blvd., St. Louis,
MO 63120

1 ATTN: AMDAV-NS, Harold Law

Director, U.S. Army Ballistic Research Laboratory, Abereeen Proving Ground,
MD 21005

1 ATTN: AMDAR-TSB-S (STINFO)

Commander, U.S. Army Electronics Research and Development Command,
Fort Monmouth, NJ 07703

1 ATTN: AMOSO-L
1 AMDSD-E

Commander, U.S. Army Foreign Science and Technology Center, 220 7th Street,
N.E., Charlottesville, VA 22901

1 ATTN: Military Tech

Commander, U.S. Army Materiel Systems Analysis Activity,
Aberdeen Proving Ground, MD 21005

1 ATTN: AMXSY-MP, H. Cohen

Commander, U.S. Army Missile Command, Redstone Scientific Information Center,
Redstone Arsenal, AL 35898-5241

1 ATTN: AMSMI-RO-CS-R/ILL Open Lit
1 AMSMI-RLM
1 AMSMI-RLA, Dr. James J. Richardson



No. of
Copies To

Commander, U.S. Army Belvoir Research, Development and Engineering Center,Fort Belvoir, VA 22060-5606
I ATTN: STRBE-D
1 STRBE-FS, Fuel & Water Supply Division
1 STRBE-N
1 STRBE-VL

Commander, U.S. Amy Aviation Applied Technology Directorate, Aviation Research
and Technology Activity (AVSCOM), Fort Eustis, VA 23604-5577

I ATTN: SAVRT-TY-ATP, Mr. James Gomez, Aerospace Engineer

Commander, U.S. Amy Tank-Automotive Command, Warren, MI 48090
I ATTN: AMSTA-RCKM

Director, Benet Weapons Laboratory, LCWSL, USA ANCOM, Watervliet, NY 12189
I ATTN: AMSMC-LCB-TL
1 AMSMC-LCB-PS, Dr. I. Abmrad

David Taylor Naval Ship Research and Development Center, Annapolis, MD 21402
1 ATTN: Dr. Michael Vassilaros - Code 2814

Office of Naval Technology, 800 N. Quincy Street, Arlington, VA 20017
I ATTN: Mr. J. J. Kelly - Code MAT 0715

Naval Research Laboratory, Washington, DC 20375
1 ATTN: Code 5830
1 Dr. G. R. Yoder - Code 6384
1 Dr. S. C. Sanday - Code 6370

Chief of Naval Research, Arlington, VA 22217
1 ATTN: Code 471
1 Dr. Steven G. Fishman

Naval Sea Systems Command, Washington, DC 20362
1 ATTN: Mr. Marlin Kinna - 62R4

Naval Air Development Center, Warminster, PA 18974
I ATTN: Dr. E. U. Lee - Code 60632

Naval Surface Weapons Center, White Oak, Silver Spring, MD 20910
I ATTN: John V. Foltz - Code R32
1 Dr. Herbert Newborn - Code R34

National Aeronautics and Space Administration, Washington, DC 2C546
1 ATTN: Mr. Michdel A. Greenfield, Program Manager for Materials, Code RTM-6

National Aeronautics and Space Administration, Lewis Research Center,
Cleveland, OH 44135

1 ATTN: Dr. James A. DiCarlo, Mail Stop 106-1

National Aeronautics and Space Administration, Marshall Space Flight Center,
Huntsville, AL 35812

I ATTN: R. J. Schwinghammer, EHO1, Dir, M&P Lab
1 Mr. W. A. Wilson, EH41, Bldg. 4612

The Boeing Vertol Company, P.O. Box 16858, Philadelphia, PA 19142
I ATTN: Mr. Robert L. Pinckney, Mail Stop P62-06
1 Mr. Joseph W. Lenski, Jr., Mail Stop P32-09

E. 1. DuPont De Nemours and Company, Inc., Textile Fibers Department,
Pioneering Research Laboratory, Experimental Station, Wilmington, DE 19898

I ATTN: Blake R. Bichlmeir

I Mr. Rex C. Claridge, TRW, Incorporated, Manufacturing Division,
Mail Stop 01-2210, 1 Space Park, Redondo Beach, CA 90278

I Dr. James A. Cornme, Materials Processing Center, Bldg. 8, Room 237,
Massachusetts Institute of Technology, 77 Massachusetts Avenue,
Cambridge, MA 01239

I

I



NO. of
Copies To

I Dr. Bnagwam K. Das, Engineering Technology Supervisor, The Boeing Company,
P.O. Box 3999, Seattle, WA 98124

1 Leroy Davis, NETCO, 592 Dryad Road, S&ata Monica, CA 9042-1318

I Mr. Joseph F. Dolowy, Jr., President, DWA Composite Specialties, Inc.,
21133 Superior Street, Chatsworth, CA 91311

1 Mr. Robert E. Fisher President, AMERCOM, Inc., 8S48 Fullbrieht Avenue,
Chatswofth, CA 91311

1 Mr. Louis A. Gonzalez, Kman Tempo, 816 State Street, Santa Barbara, CA 93101

I Prof. James 6. Goree, Dept. of Mechanical Engineering, Clemson University,
Clemson, SC 29631

I William F. Grant, AVCO Specialty Materials Division, 2 Industrial Avenue,
Lowell, MA 01851

I Mr. Jacob Gubbay, Charles Stark Draper Laboratories, 555 Technology Square,
Mail Station 27, Cambridge, MA 02139

I Mr. John E. Hack, Southwest Research Institute, 6220 Culebra Road,
San Antonio, TX 78284

1 Dr. H. A. Katzman, The Aerospace Corporation, P.O. Box 92957
Los Angeles, CA 90009

Lockheed California Company, Burbank, CA 91520
1 ATTN: Mr. Rod F. Simenz, Department of Materials and Processes

Lockheed Georgia Company, 86 South Cobb Drive, Marietta, GA 30063
1 ATTN: Materials and Processes Engineering Department
1 Mr. James Carroll

Material Concepts, Inc., 2747 Harrison Road, Columbus, OH 43204
I ATTN: Mr. Stan J. Paprocki
1 Mr. David Goddard

1 Dr. Mohan S. Misra, Martin Marietta Aerospace, P.O. Box 179, Denver, CO 80201

I Mr. Patrick J. Moore, Staff Engineer, Lockheed Missiles and Space Coh.any,
Organization 62-60, Building 104, P.O. BoA 504, Sunnyvale, CA 94086

1 R. Byroa Pipes, Professor & Director, Center for Composite Materials,
University of Delaware, Newark, DE 19711

1 Dr. Karl M. Prewo, Principal Scientist, United Technologies Research Center,
Mail Stop 24, East Hartford, CT 06108

.1 Dr. B. W. Rosen, Materials Sciences Corporation, Gwynedd Plaza 11, Bethlehem
Pike, Spring House, PA 19477

I Prof. Marc H. Richman, Division of Engineering, Brown University,
Providence, RI 02912

1 Mr. Ronald P. Tye, Energy Materials Testing Laboratory, Biddeford Industrial
Park, Biddeford, ME 040 5

1 Prof. Franklin E. Wawner, Department of Materials Science, School of
Engineering and Applied Sciences, University of Virginia, Charlotesville,
VA 22903

1 Dr. Carl Zweben, General Electric Company, Valley Forge Space Center/M4018,
P.O.Box 8555, Philadelphia, PA 19101

Director, U.S. Army Materials Technology Laboratory, Watertown, MA 02172-0001
2 ATTN: SLCMT-IML
4 Authors



r a-

IT r

IM~Is

1-- C, " S.

:!- * c~4,

42. :; 2 t .. I

a, 4,&i -mr. ' 2T
IC.. Y- U..

-'-.

ac' 4 . t
AX W OC '0 .4 1 .C N

. V) I - . I Z4o
ccC I- S. -O C; I c --0

.1 0 4, 0 L. M.A4. u

vo ~ ~ .0 1.

4,4,1. UL. A

we . - CieI on

0.- 10 V l w .
IF' ' SlU.

,! Ir4
:02 cnýc -ja '

0 01

1.1
CII-

I c-
c-4. Z.4 -60 a 1.
a,.-, -03,I

ZOO4. 0 0. 4, w S.
CS.4 4)g3I IGo - 14, 34. U. 54'5.U4"4 20 Z4,5.54,4C
4. isM A4 I M., S, 55 4,1L
o54 4, .C L. 11'5I1Va1

oo ;.~ :4 "; . 3-1@ '" ;21 -. o Z

zo ~ ~ £55 4,0 W,- m m
4,4 S.C r.5,44

~~~~~ I 4 ,. C
U~~b 44.4 o L,~*4

U z LC4 55 CL

4. USL 00 *C - -' I 4;,o C- 4. OwN

S. C- c L.- C--
N~4, *V.15


